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Abstract

The different possible conventional methods usable for

passive electronic range finding are analyzed. A new method is

suggested, having considerable advantages over these. A working

model to demonstrate this new method was designed and built for

evaluation of experimental data and detailed descriptions are

added to the report.
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I. INTRODUCTI-ON.

Rangefinding is either of active or of passive nature-. In

active rangefinders, radiation is emitted from a radiation source at

the locations of the observer. In passive rangefinders, the natural

emission and/or reflection of radiation of the target, or the differ-

ence of the target emission or reflection to background emission, or

reflection (scattering) are utilized.

The system described in this report deals with the passive

rangefinding and is sensitive for optical or infrared radiation. It

indicates the range of a target continuously and operates fully auto-

maticall,1. It permits detection of a target which is closer than the

background and against which it exhibits some contrast and it permits

automatic tracking when a relative motion between target and observer

takes place. Hence, the system combines an automatic passive optical

detector, rangefinder, and homing device. It is thereby insensitive

within the limits of signal. to noise ratio to the background radiation

whatever its intensity might be, and it allows discrimination auto-

matically between many targets within the field of view and in a row

of ranges. Since the system employs the method of finding the trigono-

metric parallax of the target, it is independent of only vaguely deter-

minable quantities (like assumptions about the most probable size or

speed of the target) and, therefore, it achieves high accuracy. This

accuracy increases in reverse proportion to the distance to the target,

hence the system is suited best for short ranges from zero to about

30 miles, if conventional opto-mechanical methods for establishing the

base are employed. However, there is no restriction in principle to



the length of the base of the measuring triangle, hence much larger

distances can be determined by correspondingly larre base lengths when

the ontical signal from the target is of sufficient strength.

Because of the simplicity of its principles, this nassive range-

finding system is applicable to many kinds of conventional weapons.

Throueh the addition of more extended automatic evaluation devices,

the system can become ideally suitable for guided missiles control aid

observation. Continuous automatic surveillance of a larpe space, and

detection and observation of targets within this space, and a wide

variety of range determinations can be accomplished with equipment

using these principles.

II. BASIC PRINCIPLES

This passive rangefinding system measures the parallactic anple

of a target (which has to be visible in the optical or infrared

spectral region) continuously from the base of a parallactic triantle.,

It utilizes the fact that a target at finite range is seen from

different angles from the two endpoints of the base, and that a

background at a much preater distance is seen from ess~entially the

same angle from these endpoints. The angular difference between the

lines'of sight to the target is used to measure the target distance.

The measurement is accomplished by translatinp position into time. In

effect, images of the field of view from the two endpoints of the base

are scanned, in.phase, and the difference in time required for the

target image to reach the same point in the two is used to measure the

range. For very great ranges, .that is for background far beyond the

target, each point in the field of view will be reached at essentia_lly

the same time, and there will be no target indicator. If a target much
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:closer to the rangefinding system is present, the time difference

measures its distance, while the phase of the scan of which it is

encountered determines its direction. To accomplish these ends, the

rangefinder forms an optical, or an infrared image of the field of

view and translates the brightness, values encountered during the

scanning into electrical signals, and measures the time difference by

electronic means.

III. EXPLANATION OF THE SYSTEM

The mode of operation is illustrated schematically in

Figure 1., At the ends, E1 and E2 of the base B two image forming

objectives, 01 and 02, are mounted with their optical axes perpendicular

to the base. These objectives form images, Il and 12, in the planes of

two slits S1 and S2, which are related to two photocells or photomul-

tipliers P1 and P2. The two images of a far remote background are

essentially identical. Far remote means at a distance that is large

compared to the chosen base length. The two images are scanned by the

two slits simultaneously, and in phase. Evidently, for the far distant

background, for which the light from any given small area comes to the

two lenses along practically parallel lines, the outputs of the two

photocells will be practically identical (Fig. 2), and if they are

connected to oppose one another, will yield zero output. (Fig. 3)

If, however, there is a target in the field of view much closer than

this background, the photocell outputs will not cancel, since the

images I, and 12 of the target will exhibit a different shift relative

to the background in the direction of the base (See Fig. 4). The

compensated output of the photocells, therefore, will result in net

pulses, which start at the left edge of the target image In the left
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system and last up to the right edge of the target image in the right

system (See Fig. 5). If the target image is small compared with its

parallactic shift, only narrow pulses will occur and the chain of

pulses will be interrupted by background compensated zero output.

These narrow pulses could be utilized for range indication, since

the distance of their left slopes, for example, is a measurement of

the target. range (See Fig. 6). If, however, the target image is

extended and the parallactic shift is small so that the two images

overlap, no range indication can be achieved. To solve this problem,

two equal systems as described above in Figure 1 have to be employed.

(See Fig. 7.) Every single system will compensate for infinite back-

ýground and will produce some net signal current as long as a target

image is scanned. These net signal currents, however, will exhibit a

phase shift to each other, which corresponds to the parallactic angle

now seen from the centers of the two systems. (See Fig. 8.) Hence,

the centers of the systems form the base of the measuring triangle.

(Since such an arrangement permits the automatic range measurement of

.extended as well as point targets-, it is chosen for further

explanations.) The moment of scanning time tl, when in the right

system the signal current compensated to zero by infinite background

changes into a net signal current because of the uncompensated target

image, minus the moment of scanning time t 2 , and when the same

happens in the left system, is the measurement for the distance of

the target. (See Fig. 9.) Since the change from the zero output to a

net signal will take place at that part of the extended target image

where the contrast against the background is sufficient, both systems

will always be triggered by the same or nearly the same part of the



image. This is important, to fulfill the necessary condition that theiTi

measuring triangle has its apex at the actual target surface. (See

Fig. 10.)

The existence of a net pulse, when scanning the field of

view, will tell about the exi~stence of an optical target in the field

of view, hence this system is an automatic target detection system
also. The motion of the net pulse in the field of view will indicate

the component of motion of the target in the plane of the scanning

direction. If the field of view is divided into two halves with

separation perpendicular to the scanning direction, the existence or

vanishing of the net signal in one of the halves will indicate the

component of motion of the target perpendicular to the target direction..

Both components combined make the rangefinder an automatic tracking

system.

In practical application,, the background does not neces-

sarily have to be in a distance. which corresponds to an exact

parallelity between the optical axis of the two base endpoints. Even

not too small angles of deviation are permitted to keep the two

background images equal for compensation; however, these angies must

then be known for the range evaluation.

IV. TECHNICAL REALIZATIONS

Several possibilities exist to realize technically the

principles described where conventional opto-mechanical elements are

employed. Different constructions will be possible whether the

scanning is performed at the object or image side, or between object

and image side, and whether the two systems necessary for resolving

extendedý targets are separated or not. The arrangement withý scanning



between object and image side has several advantages because of its

simplicity and similarity to conventional rangefinders. (See Fig. 11.)

The base is given by the tube B, the endpoints of which are,

given by the plane mirrors M1 and M2 making angles of 450 with the

axis of B. Rays perpendicular to B and under 450 to M, and H2 coming

from the object side will be reflected into the direction of the axis.

A rotatable double faced plane mirror H3 4 with its axis of rotation

A perpendicular to B and to the incoming perpendicular rays, is

located in the endpoint of B. Between M1 and M3 , 4 are the objective

lenses 01 and 02 with their focal planes F 1 and F 2 . F1 and F2 are

located parallel to the axis B and to the axis A of rotation when

mirror M3 , 4 has a position 450 to the direction B. In these focal

planes are the slits S1 and S2 parallel to A and opposite to B.

Behind the slits are the photodetectors P1 and P 2 (photomultipliers')

which feed signals into the electronic circuitry C. The infinite

(far remote) background oo will form images Il and 12 in F1 and F 2 .

When M3. 4 rotates, the images will move over the slits S1 and S2 ,

exchange place with S2 and S1 and repeat a scanning twice every

rotation. The integrated light flux from the image details, which

move over the slit area (x-y) during rotation of M3 , 4, passes through

the slit and illuminates the photocathode of the photomultiplier P1

or P 2 respectively. If the background exhibits image details at all,

the same details will move at the same time over slit S1 and slit $2,

and the same photocurrents will therefore be produced by P1 and P2.
:0

:These photocurrents are combined after proper amplification, in the

electronic mixer stage for instance, or double grid tube, with

opposite polar~ity. Their opposite effects on the grids wiill cancel
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any effect on the anode current and no signal current will result

in the output of C. If, however, the image details falling upon

slits S1 and S2 are different, then a signal will occur in the

output of C. The amplitude and the slope angle of this signal

will be used to trigger, in a multivibrator circuit, a rectan-

gular pulse which lasts for the time of scanning one image.

This is done by switching off the multivibrator by a secondary

time signal when the edge of the image passes the slit.

Since two equal systems of the described kind are

employed and both systems form the base of the measurement

triangle, two rectangular pulses result, one for each system.

(See Fig. 12.) These two pulses now have a time shift which

corresponds to the parallactic angle of that detail in the

optical object which caused an uncompensated net signal in each

system. Hence, both rectangular pulses mixed electronically in

a third mixer stage with opposite polarity result in a differ-

ential pulse, the duration of which measures the distance, and

the time phase of which against the secondary time signal

measures the speed component in the scanning direction of that

image detail which cannot be compensated. Such detail,. of course,

belongs to the target because the target is closer than the

background. Since the distance measurement depends on the instants

the two rectangular pulses are triggered, the rotational speed

of the rotating double faced mirrors in the two systems must be

equal, or pors.sibble deviati.ons from. equality must be, accurately

known.
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With the rotating mirror M3 4 another rotating or

oscillating stop is mechanically coupled which covers the

upper or lower halves of the slits S1 and S2 every second

image, which is scanned without the stop in the field of

view. Hence, when no stop is in the field of view the circuit

will detect a target in the moment a net signal occurs, and

it will measure range and tangential speed of this target.

Then with the next image where, for instance, the. upper half

of it is covered by the stop the circuit will check whether

the net signal is still there. If the net signal does not

occur, the rangefinder systems will be corrected in the

direction perpendicular to the base so much until the net

signal vanishes in the lower half, and so forth.

The repetition rate of images to a dead time interval

where no scanning tak-cs place is unfavorable in case of the

rotating plane mirror. It can be considerably increased

when a rotating drum with slits, on its peripherie is

employed. The photodetectors have to be inside the drum or

optical elements, have to change the light path. It is

likewise possible to move the images across the slits by

sync-hronized ,motion of mirrors at the object side in front of

the base ends. This system permits scanning of large angles

of view. Finally, instead of moving the images across the

slits, the slits can by synchronously moved across the

firm images for instance by an oscillatory motion. In this

ease, an arrangementý whereý the optical axesl are perpendicular

8
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to the base might be of advantage, since sensitive optical

systems of high aperture ratio can be employed, which can

constitute a very large base length. Deviations from

synchronism of the oscillating slit mechanism can be measured

optically or electronically and can correct the range

measurements.

Electron optical means instead of opto-mechanical

means are likewise applicable for realizing the principles

of the passive rangefinding system. When, instead of the

relative motion between image and slits, the scanning of the

images by electron beams is introduced the mechanical system

can be converted into an electronic system. Orthicons are

arranged at the base ends and the electron beams are

synchronized. The target plates of the orthicons have equal

charge distribution, when only the infinite background is

imaged on the photocathodes of the orthicons. The image

pulses are equal when the target plates are scanned synchro:-

nously. They can, therefore, be compensated. If an optical

object is in parallactic range, it will be differently

located at the target plates, hence scanned at different times,

and a net pulse will result. All the other operations of the

system can be solved analogously to the opto-mechanical

Ssystem.I,i
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V. CALCULATIONS

THE RANGE

Since the automatic passive rangefinder system is based on a
triangulation, the following relations for the range R are va•lid.

(See Fig. 13.) - nCos jj

and for '4-M 0
B

R -5

The parallactic angle n usually is very small, hence with

sufficient accuracy B 1
R

If an error dn is made in measuring, this angle, the corresponding

error dR in range is given by d2R - d j
When the target is not a well defined point or line normal, to

the plane of measurement, the error in range is given by

an dý

C 'COS" M7 " si 8 &060 (See Fig. 14. 1

I.0



----- - --- -----~-------

THE CONTRAST SENSITIVITY

It is of interest to derive for the system, an expression which,

contains the main parameters influencing the automatic measurement.

Such an expression would then hold, when properly applied. for the

various possible modifications of the system which were indicated above.

Chiefly the following parameters have to be considered.

E1  Brightness of the target (candles/cm2 )

Eo Brightness of the background (candles/cm2 )

E Eo - E1 contrast background to target (candles/cm2 )

x Width of scanning slit (cm)

y Length of scanning slit (cm)

D Diameter of objective lens (cm)

f Focal length of objective lens (cm)

A D aperture ratio

a . angular width of slit (degrees),

B y angular length of slit (degrees)f

n w rotational speed of scanning mirror (rps)
21

d #f distance between mirror axis and slit,

VC 4n frequency of measurements

T Time needed for an image point to traverse the slit

vP Upper frequency limit of the photoelectric circuit

Sc Sensitivity of the photodetector

Vs Signal voltage

Vn ANoise voltage

!-ii



Vs
S V signal to noise ratio

V Velocity

T Absolute temperature

b Parallactic angle

K Boltzman constant

I Photoelectric signal current

Sr 1 contrast sensitivity of rangefinder

Emi

In one proposed arrangement of the opto-mechanical rangefinder,

the image of the target in range R is formed by an objective with

aperture ratio A on the slit plane after it was reflected from a

rotating mirror. The distance between mirror axis and slit (x y) is d.

The target area focused on the slit area is xy R2
f2

The light flux from this target area, which passes the objective is

x y R2  TD2  xE irD? Lumentl =E, f/T 47 -E, f2

and, introducing angular quantities this becomes

E, E4.

A corresponding relationship is valid for the light flux from the

background W. o,7 1)

Assuming that the edge of the target image is a straight line

parallel to the slit and extends over the whole length of-the slit, the I

change in the light flux * passing the slit when the image is swept by

the.rotating mirror is • I =E

12



where E is the contrast difference in the radiation intensity between

target and background. Corresponding to this change of light flux a

change in the photocurrent of the cell arises. If the sensitivity of

the ceil is Sc, the signal current produced by the contrast E becomes

oI S3 Ir D2

4
The next step is the determination of the minimum photocurrent

change, which can be detected by a conventional amplifier. Let us con-

sider a most simple circuit. The signal voltage Vs produced by the

current change I is obviously V = IrL where rL is the load resistor.

Assuming as usually a minimum permissible signal to noise ratio s=Vsfl,
Vn

we must choose a load resistor rL correspondin.g to a noise voltage

VnfVs. Since noise voltage and resistor are related by the well known

formula V= 4 kTrA V

where k is the Boltzman constant and T the absolute temperature, we:

obtain z2  =,

or

4kTL8V
rL

The lower limiting frequency of the amplifier may be neglected in

comparison with the upper limiting frequency t, Vu is

determined by 1
rL 2 7TV (Ccr cr)

with Ci input capacitance of amplifier, Cc capacitance of photocell,

and we get 1 k T6kT v
Z1rl44(Ci+TCT V

iI• or I f7rkT (Cj+Cc)QVu

i+ i1t
•L1



This is the minimum signal current which can be separated from,

the noise. It corresponds to the minimum detectable contrast

4VJ87Tkr- Cj+CeEmin..So=a7D
5C oc rD7

The formula shows that the indication of contrasts is the more

sensitive the lower the upper frequency limit is chosen. Since this

frequency limit is determined by the frequency vs of the scanning

device, vu should be replaced by vs, where vs is found by application

of the following relations being valid for the rangefinder:

If n is the rotational frequency of the scanning mirror, the

scanning frequency vs is 4n sec- 1 . The distance between the rotation

axis of the mirror and the slit was d=$f. Hence, the image is swept

over the slit with the velocity, v

v.2wd = 4irnd = - c 7rvd r of

Therefore, the time during which an image spot passes the slit of the

width x is X Oc

v Ir.

The upper frequency limit is reverse proportional. to the value of

time, therefore 7= 1 VS Tk/

4 eirkr (c÷,+cj) ./,-.
E m1. = Sn.A BCo,, Dz

This formula shows that the minimum discernable contrast decreases

rapidly with increasing angular width of the slit. Likewise, the

relative error p of the measurement is reduced by increasing the slit

width. Ba.sically, the function o~f the ranwgefinder is to measure: the

.14



angles y, where yI y 2 is equal to the parallactic angle n • The target

may be supposed to be seen in a direction perpendicular to the base

line B. Because the angle n is determined by sweeping the image of

the target over a slit with an angular width a , the uncertainty of

this determination cannot be greater than a. Since R= B t- 7
z

and dR B 1 B (l+tan2n) we obtain dR = B (1+4R 2 ) __
S7 cos'n (tni , 2l dB

Beca use R )2 >>ls dR is about equal to 2R2 dn and the relative error
B

p of the distance measurement becomes

p z =dR - 2R dn = 22R a
R B B

This relation can be used to introduce the relative error instead of

the slit width into the formula for the minimum contrast. The inverse

value of the minimum contrast may be called the contrast sensitivity

SK of the ran'gefinder in general. It is given by the proportion

S 1 Se B2, p 2  D2

8 R2 *V5 5 8i T'(8CC, Cc)

where k = 1.374 x 10-23 watt sec

degree Ke-lrvin•

T - 293 degree Kelvin

C, + CO a 0 x 10-12 Farad

15
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NOISE CALCULATION FOR PHOTOMULTIPLIERS

If the background portion of the beam which is focused onto the

slit has the area xy R2 and its brightness is Eo candles/cm2 , then
f 2  0

the luminosity of this portion of the slit is R-2 Eo. Hence, the

light flux from this background area falling on the iens with

diameter D would be X:y R 2  -r D2
@o= f2 Eo 0 R-

The background light flux per unit length of the slit becomes

§ =X Eo -rD2 tmnM
4 fz ue/m

where T is the optical transmission factor. If E1 is the brightness

of the target, the target light flux per unit length of slit

Correspondingly becomes cx E, -r D 2 T Lwrnen/cm 2

4fz

We assume now that the target has a higher brightness than the

background, E1 > E0. If the target with a true height H is inside the

slit area, it covers a background area with a height H, and for the

whole slit area the light flux increases since E1 is greater than Eo,

by the value 0o - 4 0o (H)+ J 1 (H) or, since the image of the target

being ih a distance R has the dimension ±-•L-, we get for the abrupt
R

increase of light flux when. the target comes into the slit,

asH § H or. H. x -r D'To D ( E1- EO)Lumen
SR f 4

A multiplier with a cathode sensitivity Sc and a current amplification

factor C together with a load resistor R.Lo transforms this abrupt

16



II

increase in illumination to a signal voltage of

H x --D-T (E,- EO)SC C RL voLts

S

or VS H 4.-4)-SCRLR

This equation - gives the change in the light flux; i.e., the change

from background signal to background plus signal. We now calculate

the total noise first for the combined illumination by target and

background. We can write the total light flux passing -the slit for

this case in the form Hf~w + iE (- Hf)

or

Hf +-~c io)-ý E oY

This illumination results in a primary photocurrent given by

This current together with the dark current la contains a noise

component given by + =VaeEs¢(f.I- I Y)+ 10C. to Vp

e means electron charge

Now we can replace the dark current Ia by a light flux per length

unit of the slit #a, which produces, a photocurrent equal to IA i.e.,

:,5cY If we put this expression into the foregoing equation we

get

The parenthesis of this equation contains two components of the light

Ii-:!17-
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flux. The first part: -i- (1, -§O) means the increasing of illumin-

ation by the target. The second part: y (fO÷+ ) means a constant.

Now we may introduce a factor 8 representing the relative changing

of the light flux caused by interference from the target

H_•f •I€
Ry to+

Setting this expression into equation above we get

and' the voltage of the noise due to the output becomes

Vn - F'CRLJ~ RC A, .l-') l t)]

Here F is the contribution to the noise by secondary electrons emitted

by, tht dynodes of the photomultiplier. Comparing this formula with the

signal voltage, the signal to noise ratio becomes

15- .Yi --

Vn 7'F

Since 't- 0o+ Ry) we got

SCI +S

For 6>>l, i.e., for an extended target image, great contrast,, and

weak background illumination, this expression becomes

s = ---. ea4,,

S or

18
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For 6>>l, i.e., for a small target image, small contract:j and strong

background illumination,, this expression becomes

or §1 C1 Hf'FVAr V 'O+d

5  F = V V2e__Av + RV7

In the foregoing section expressions for noise caused by a combined

background-target illumination were developed. Now we develop the

expression for noise caused by background only. The total light flux

passing the slit in this case can be written in the form, 6 = o Y

This illumination results in a primary photocurrent

This primary photocurrent together with dark current la causes a

noise current r~= z( 0 s+Q __ _

Again introducing 106 ,O we get I",=2ys(I P~A5CY

and with Hf i

this equation becomes T-np-

and.
Vn.- Fc CV2e 5C,#.-- i, - A,

,Comparing this formula with the signal voltage, the signal to noise

ratio becomes H _ f

or

S LfR
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or 41 40) H f
S F 2s RV0 +~

and that is the same equation as the equation for 6<<l.

Substituting x= r D2T again into the main noise formula,
4f

we obtain

S 4-P f-7- Eo 4,- YI

This equation now allows the calculation of the maximum bandwidth, for

instance for a signal to noise ratio s=l.

= T XyEoSjT I+

According to the last equation, we are able to accomplish a numerical

evaluation for the maximum scanning frequency depending on the, band-

width Av.

Let- e = 1,6.10-19 coul T = 0,7

F = 2 = 4o10-2

x = 4.10-3 cm,
Sc = 30.10-6 A/lum,

= lO- 1 4 A

T h u s w e g e t 1 0 14)

"- Z 10-2x4 10_x0,7 -30 xJO'X Eo+ 10) +t

Hence we obtain Av as a function of p with the parameter El in the form:

2A - 7.8 x 1017 (66 x 10-10 Eo + 10-14) P2

Table I shows the dependency of the maximum frequency bandwidth on the

ratio p! Hf ("I : o) and the parameter Eo (brightness of the back-

ground measured: in Stilb from 0.5 down to 0.0001 Stilb, where I Stilb

. candXle•/cm2 ).

20
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VI. DESIGN OF WORKING MODEL AND EXPERIMENTATION

GENERAL MECHANICAL DESIGN AND DIMENSIONS OF A WORKING MODEL

To prove the principles and calculations given above, a working

model was designed and built. It is shown in Figure 15. Spatial

limitations and the difficulty of synchronizing the two rotating

scanning mirrors of the complete four beam range finder system

electro-mechanically brought about a variation of the system, where

only three beams are employed. Such a construction permits the

combination of the two medium "eyes" into one and has both scanning

mirrors rotating on the same shaft by which synchronization is

guaranteed. This design, however, has many related constructive

inconveniences and a much lower rate of performance is respect to

sensitivity and speed of control, since one period of pulses is

always lost and the optical systems do not match because of necessary

differences in design.

To perform measurements about the sensitivity and signal to

noise ratio of photomultipliers when illuminated by a background

target area through a slit, and to compare two systems parallactically

directed to the same target, another instrument was designed and

,built. It is shown in Figure 16. Two Zeiss photographic objectives

f:5 of 50cm focal length illuminate, through adjustable slits of lcm

length, the interior of a light integrating mirror box each. Each box

contains an adjustable photomultiplier (RCA IP21) and a cylindrical

lens to distribute the light from the slit image over the photocathode.

The realization of the three-eyed optical range finder incorpo-

rating the double binocular systems, described above, raised certain
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problems. While the difficulty of synchronizing all (passive) scanning

beams was principally overcome by using a common revolving system, it

became necessary to have the center eye work in an elevated plane,

since one of the revolving mirrors had to be placed higher than the

other. Furthermore, a wrong course of pulses had to be cancelled out.

These wrong pulses develop when the revolving mirrors get into the

135" and 315* positions when the oncoming pictures are projected into

the wrong photocells; while the 45" and 225* positions, as shown in

the figures, are accepted to produce the right effects. The design

provides a choice between two different methods for cancelling out the

unwanted pulses: (1) by means of mechanically revolving shutters

(similar to those used in movie projectors) or (2) by means of

generating control pulses by magnetic induction, so that an electronic

blanking can be achieved. The electronic method has been used in the

working model discussed here. The essential details of the mechanical

design, and the main dimensions are shown in Figure 17, while Figure

18 shows all parts disassembled.

As already mentioned, the optical system works on two slightly

displaced levels, eye Nr. II being 2-3/4 inches elevated above the

other one for eyes Nrs. I and III. This, however, should not matter

at all when the relatively much larger ranges (from 300 ft_. to 6000

ft.) are to be covered by the instrument. There are two additional

levels (along the common shaft) required for proper operation. One

level is located a little above the mirror for eye Nr. II; its concern

is to provide the driving mechanism, while the control pulse gener-

ating device is incorporated somewhat, underneath the lower mirror for

eyes Nrs. I and ILI.
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In the space between both mirrors, the drive gear for the

revolving shutters is provided as a precautionary additional Means

for blanking out the wrong pulses referred to above.

The focal length of each lens system quite obviously is made

equal (19.5 inches), so are the slit widths (1/10 mm). The condensin.g

cylinder lenses are fairly equal, and the multipliers (photocells)

were selected from a number of cells to find those most similar. The

pulse generator delivers pulses whose opening and closing blanks are

8-l/2* apart, in accordance with the usable field of view. Eye Nr. II

had to be placed in the center of the apparatus causing an eccentri-

city of 3-3/4 inches of the revolving system. All lenses have different

distances from their particular end mirrors which are shown in

brackets in Figure 17.

As was shown in Figure 13, the range D to the target T can be

calculated with sufficient accuracy by means of the relation: yD=B,

or D=B., where B is the Base of the Range Finder=40 inches. y can as
Y

well be expressed by the direction A,? a aT - afT of the scanning

beams, which is directly dependent on the momentary angular position

of the revolving system, and therefore can be expressed by the angle

**" Angle # T however, is to be indicated by the integrating measurin.g

device as fraction of a half turn or repetition time (of RM), that

means the indicator shows 18*. Now, what is the relation between

and 0? Here the actual dimensioning of the range finder has to be

taken into consideration. Angular relations can be derived as seen in

Figure 19. 90- (450 - + ) = 450 - + - 2 42

for small angles (* 45°): a x a = b x B
17 x a 2.-5 x B - * 6.8
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In eliminating B we find: 3- 3.9 . Let's suppose a linearity between

*and a all around a circle. A full sequence (repetition) means * =

1800 as a result the maximum imaginable field of view would be a180*-

46. The size of the actual field of view naturally can only be a

fraction thereof because of certain limitations. There is an obstruc-

tion of the full viewing channel by the tubular case, particularly in

the longer right leg and also by the limited length of the revolving

mirrors. But, the main limitation is the nonlinearity between # and a

which must be kept low within the field range. Careful calculations

showed that the variations of the nonlinearity resembles a parabolic

curve with zero in the central viewing point and going as high as 1/5

of 1% in the edges of the size of the field of view which is considered

acceptable. Since the scanning beams always wander across identical

areas of the revolving mirrors, exact compensation is therefore main-

tained. But the nonlinearity affects the indication of the range up

to 1/S of 1% depending on the area within the field of view where the

are practically the same in the working model in which revolvin.g

mirrors of a material thickness of 1/8 inch are used. It influences

essentially the mean position of the revolving mirrors, which decrease

from 45 to a little less than 44 30', the highest and lowest useful

angles of the revolving mirrors are 48° 55' and 40* 25' respectively,

hence compassing an angle * 8, 30'.

Data

Base length of range finder B = 40 inche~s

Repetition after 1/2 turn of revolving mirrors or I80

24

i1



Exploitable angular movement of revolving
mirrors 8, 30'

or in fraction of repetition 8.5/180
1/21 or 4.7%

Field of view (with 4 w 3.9a, * - 80 30') a - 20 10',

Speed of revolution of revolving mirrors
= 390 RPM 6.5 RPS

Repetition rate (mirrors silvered on both
surfaces) 13 frames per sec

Time for one repetition period 77 MS

Duration of one scanning (frame) 4.7% x
77 MS • 3.6 MS

dai 20 1 01
Angular speed of scanning 1 .60 p/ms

Linear speed of scanning in focal plane
(slit) 5.2 nm/ms

Nonlinearity of scanning speed < .2%

Focal length of main lens systems
(495 min/) 19.5 inch

Slit width .1 m/m

Angle formed by slit width and focal length
.1

T x 57.3 .01160

Time for Scanning of Slit Width = Rise Time
of Pulse .0 = 19.5 US

60
Size of field of view (in focal plane-sli~t 1)

height 19 m/mi =.75 inch

CLOSEST RANGE TO A MEASURABLE TARGET

It has to be realized that the target must be seen clearly with-

in the fields of view of all three eyes, possibly within about 60% of

the field width. A triangulation results in:

Dn B2B 2 x 80 57.3

Dmin 300 ft.
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The range in general would be: D B - -

SAat

with a do x t

Therefore D . B [in]5.3 ft

Since the repetition time is T u 77 ms, and since the apparatus is

supposed to give an indication proportional to the quotient 5. (t=5 77),

4 becomes x 5 x 320 [ft].

D~~ ~ beoe r~ TL

We may also write the above equation for the value of D is follows.

D - 320 . 4.2. ft.

The maximum range which can be covered by the sample device depends

widely on what amount of misinformation is acceptable, and what

accuracy of alignment can be achieved and maintained during the

operation. Assume that all errors can be expressed in terms of mis-

alignment of the slit which supposedly may be kept down to 1/2500 inch

(1/100 mm). This represents an angle Aa = .00116* and a correspondinmg

scanning time of t - 1.95 s. Hence, the range indication would be
320

Df Z t•---3 or the inaccuracy over the range:

AD = D-Df x 1,00% (l- .t) x 100 2._- x 100 - * 5 * 1.95%

ttAt tEAt 320,000
D

Until now it has been taken for granted that the pulses induced

by an arbitrary target were sufficiently strong for the operation of

the range indicating device. It is quite obvious that the strength

(amplitude) of the pulses depends partly on the mean luminosity in the

slit while crossing (touching) the target in comparison to that of a

previous time elemeitt, and partly on the brightness of the scanned

area itself. A fairly even radiating sky and relatively dark target of

26
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a rectangular shape are presumed in the following example: (See Fig.

20) 6 h hT [ft] 19.in hT ft20 .) 6 a x 7 =t 26 ,

Where hT = Height of Target

D Range

H1= Length of slit

h = Height of image of target

Contrast = Log Jl definition

Mean Brightness in Slit Area:

(1) including target: Jl (1-a) + J 2 a =Jm

(2) area without target: J 1

Change of resulting photo current P al J Jm x 100 in per cent of J 1

current or P = a (I-J2 ) x 100%.

The reverse value is: Jm = P

These equations are useful in determining and evaluating the

lower limits of the working conditions of the range finder. That means

a value Pmin can be found which is an apparatus constant for the

lowest working limit or threshold. Since J! can be found by separate

contrast measurement, the contrast must be known in this case. Further-

more, it is significant to know that it has proven suitable to keep

the photo current caused by P x Jl at almost a constant level regard-

less of the absolute brightness. This is profitable as far as the

electronic circuits then. work with nearly constant input voltage, which

makes for better stability. According to this manner of control, the

influence, of the brightness is widely suppressed onto a point where

in very low brightness the noise level becomes relative~ly evident and

causesa failure of the range indication
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VII. EXPERIENCES WITH THE WORKING MODEL

Numerous tests showed the capabilities as well as the limit-

ations of the working model. The latter ones have been referred to

before concerning the lowest possible visible contrast and the lowest

brightness to work with.

Though the knowledge of the lowest contrast to work with is *of

some theoretical value in determining the possibilities of the

apparatus, it says little about its application against an actual

target, e.g., an airplane. While the contrast of a fixed target stays

constant for quite a time, it changes considerably, sometimes within

split seconds when an airplane is being tracked. In bright sunshine the

contrast may even change its polarity; or it may become zero

temporarily. Nevertheless, it seemed justified for experimental

purposes to replace an actual target, assuming average illumination

and a mean contrast, by a fixed target.

Since such a target should not disturb the range indication by

the fact that usually some part of the foreground is in the field of

view, targets had to be mounted high in the air and at a large

distance. The area on top of a hangar between a tower and the roof was

considered a suitable place. Two flat metal plates 2 x 2 ft. were

arranged there in a distance of 1340 ft. Figure 21 shows these targets.

Now the question arises, how does this target plate behave and

what do the pulses look like. The width of the target plate is 2 ft.

It is. subtended by an angle UT = 2 57.3 = .086, if D = 1340 ft. is
th1340!
the range. With •da .6.0 o/ms time for scanning the target tT becomes

.086/.60 ms = 144-is or about seven, times as, long. as thhe scanni.ng of the

slit' width.
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Hence, the shape of' a single pulse is trapeze-like, and consists of

three parts:

rise time, (scanning time of the slit width) and decline time
the total duration of the pulse (pulse width) is tp=19.Sps

while the repetition time is T = 77 ms and the time quotient

which indicates the range is t = .240 = .00312 the range
4.2 T

therefore becomes D = 42 + = 1340 ft.
t/T .00312

Unfortunately the actual pulses do not show up on the scope

as trapeze-like as sketched above but rather as triangular, possibly

due to smoothing effects of different R-C combinations. As a means of

stabilizing the unavoidable pulse jitter it was thought that the best

method would be to simulate the characteristics of a thermo-couple

instrument, mostly because of its non-oscillating properties. The

measuring pulses are, therefore, transformed into minute amounts of

electric charge (Jdt); they accumulate in a capacitor whose rate of

discharge is so dimensioned that when a state of equilibrium is

reached the mean charge of the capacitor represents the reciprocal of

the range.

There was another trouble spot in the present range finder. It

is the centrally located eye jointly used by both comparator systems.

The performance could be greatly improved by a complete separation, at

least electronically, into two comparators.

After several minor changes in the design of the three eyed

range finder model and the electronic circuitry, the end results of many

tests became:

Maximum Range 6000 ft.

possible error 50 ft. at 2000 ft.

29



Minimum Range 300 ft.

Lowest mean brightness of
scanned area 50 footlamberts

Lowest Contrast log (I1) - 0.00045I 2
min

(i.e., the target must cover at least 0.108% of slit area

with highý contrast >3 against sky).

3
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Figure 1. Mode of operation of the automatic opti:cal
range-finder.
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Figure 2. Output of the two photocells when
infinite far background is scanned.,

zero
OUTPUT

Pigu- 3 Compensation of photocell otu ozr

i when infinite far background is scanned.
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Figure 4. Target in finite distance produces
net signal in compensated photoce.ll
output.
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Fi~gureý 7. Mode, of opera.trion of a double range-finder
system*
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Figu 4re 8., Ne~t signal produced: by a double range-a
finde~r systemi.
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ýFigure 9-. Extended, target produces tWo separate, net
s~ignials and. compenhsated output in double:I
range-finder system,
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target.
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Figure 11. Construction of range-finder system when
rotating double mirror is employed for
scanning.
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Figure 12. Production of rectangular pulses from net
target pulses in the double range-finder
system.
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'Figure 15ý. Working imodel of the range!-finder.
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Figure 16. Parallactic photometer.
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Figure 1,8.ý Parts of the, model dis~assemb-led.
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Figure: 21i. Arrows point to actual targets whose
dist-ances -were measured.
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